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Respiratory syncytial virus (RSV) accounts for over 30 million new cases of lower respiratory tract infections (LRTI) per
year worldwide, resulting in 3.2 million hospital admissions and nearly 60,000 deaths in children < 5 years of age. 1 In the United States alone, it is estimated that 132 to 172,000 children below the age of 5 are hospitalized annually due to an RSV-related illness, representing the leading cause of hospitalization in infants. 2 Epidemiologic studies have consistently shown that premature infants and children with chronic lung disease (CLD)/bronchopulmonary dysplasia or hemodynamically significant congenital heart disease (CHD) are at increased risk for developing severe RSV disease. 3 The mechanisms for this increased morbidity are not well understood, and studies suggest that in addition to the immature or under-developed lungs, a dysregulated immune response may play a role. In fact, young infants with RSV infection compared with older infants (> 6 months), had lower expression of blood and mucosal interferon that was associated with longer hospital stay and duration of supplemental oxygen. 4 Nevertheless, the high disease burden associated with RSV emphasizes the need for the development of safe and effective preventive and therapeutic interventions. and exhibit genome-wide sequence divergence. RSV RNA genome encodes 11 proteins, of which the fusion (F) and attachment (G) glycoproteins are crucial for infectivity and viral pathogenesis as they carry the antigenic determinants that elicit neutralizing antibodies. Of these two, the F protein is the preferred target for vaccine, monoclonal antibodies (mAb), and antiviral development because it plays a key role in host cell viral entry, is highly conserved within and among RSV A and B subtypes, and has six antigenic sites that elicit the production of high-potency neutralizing antibodies. In contrast, the G protein is not well conserved among RSV A and B strains, and is highly glycosylated, and thus it is only recognized by few neutralizing antibodies that are directed to its central domain. These facts have reduced the enthusiasm for considering the G protein as a potential therapeutic target.
Our understanding of the fusion protein in its two conformations, prefusion (preF) and postfusion (postF), has revolutionized the field of RSV biology. 5 PreF, the active form of the F protein on the virion, is metastable and once it enters in contact with the host cells switches unpredictably to the stable postF conformation. Once the postF protein is folded, it cannot return to the preF form. Antibodies that bind to preF are more efficient at neutralizing RSV than those against postF. As examples, antibodies against antigenic site Ø, a preF-specific epitope, are 100 times more potent in vitro than palivizumab-that binds to antigenic site II, present in both F conformations. On the other hand, antibodies against antigenic site I, exclusively present in postF, show weak or no neutralization. Thus, the two conformations of the F protein, preF and postF, have not only common but also specific antigenic sites that elicit the production of different potency neutralizing antibodies.
History of RSV Immunoprophylaxis
There are currently no licensed vaccines for the prevention or amelioration of RSV infection, and treatment remains symptomatic. In 1998, palivizumab, a humanized mAb directed against antigenic site II, present in the F glycoprotein in its preF and postF conformations, was licensed for the prevention of serious RSV LRTI in high-risk infants and children. 6 In the original double-blind, placebo-controlled clinical trial, palivizumab prophylaxis decreased overall hospitalization rates by 55% in infants 35 weeks' gestational age (wGA) and in children < 24 months of age with CLD. In addition, infants in the prophylaxis arm had significantly shorter duration of both RSV-associated hospitalizations and of supplemental oxygen, lower disease severity scores, and less pediatric intensive care unit (PICU) admissions. 4 Subsequently in 2003, Feltes et al 7 conducted a similar randomized placebo-controlled international study that evaluated palivizumab prophylaxis in children <24 months of age with CHD. The study showed that RSV immunoprophylaxis resulted in a 45% reduction in all of RSV-associated hospitalizations in these children, as well as a significant reduction in the duration of RSV hospitalizations and days of supplemental oxygen in palivizumab recipients. A third randomized, placebo-controlled clinical trial recently was conducted in premature infants born at 33 to 35 wGA in the Netherlands. The study showed that in addition to a 61% decrease in the number of wheezing days during the first year of life (primary end point), RSV prophylaxis was associated with an 82% reduction in RSV-associated hospitalizations. 8 Taken together, these and other observational studies have shown that the use of mAb against RSV in high-risk infants is associated with a significant reduction in the acute and possibly long-term morbidity associated with RSV.
Since its initial licensure, the American Academy of Pediatrics (AAP) has updated the RSV prophylaxis guidance on five occasions. In its latest iteration in 2014, the AAP Committee on Infectious Diseases, and mainly because of costs, limited RSV prophylaxis to premature infants born at < 29 wGA, infants < 32 wGA with CLD, and infants younger than 12 months with CHD (►Table 1). Following the implementation of the 2014 AAP guidance, several observational studies have been conducted to determine the impact of these changes in populations who previously were eligible for RSV immunoprophylaxis.
Current Trends in RSV-Associated Morbidity in Premature Infants
We recently conducted a single-center retrospective study to examine the frequency and clinical impact of RSV-associated hospitalizations in infants < 12 months of age born at 29 to 34 wGA during the seasons before and after the implementation of the 2014 AAP guidance update (S1 [2013-2014], preguidance update; S2 [2014-15], postguidance update). 9 We found that there was an increase in RSV hospitalizations and associated morbidity among 29 to 34 wGA infants of younger chronological age following implementation of the 2014 palivizumab prophylaxis guidance. Specifically, of 1,063 RSV hospitalizations in infants < 12 months old, 7.1% (34/482) in S1 and 9.8% (57/581) in S2 occurred in 29 to 34 wGA infants. On the other hand, 29 to 34 wGA infants who were < 6 months old constituted 3.5% of RSV hospitalizations in S1 versus 7.1% in S2 (p ¼ 0.01). In addition, among these premature infants who were < 3 months old, supplemental oxygen administration (40 vs. 79%), PICU admission (30 vs. 68%), mechanical ventilation (10 vs. 53%), duration of hospitalization (1.8 vs. 8.8 days), and hospital charges ($19,686 vs. $30,662) significantly increased during S2 versus S1 (►Fig. 1). No differences in morbidity were observed in premature infants who were 3 to 6 and 6 to 12 months between seasons, and one infant died in each season. These results were further confirmed during the subsequent 2015 to 2016 season (S3) 10 (►Fig. 1) which emphasizes the burden of RSV disease in this vulnerable population.
A large observational cohort study (SENTINEL 1) conducted during the 2014 to 2015 season in 702 infants born at 29 to 35 wGA who did not receive RSV immunoprophylaxis also showed that infants of lower gestational age and younger chronologic age were at high risk of RSV-associated hospitalizations, PICU admission, and need for mechanical ventilation. 11 Two recent large retrospective studies using commercial and Medicaid insurance databases compared RSV hospitalization rates in premature infants before and after the 2014 AAP guidance change, and included healthy full-term infants as a reference. 12, 13 Authors showed again that RSV-associated hospitalizations in infants born at 29 to 34 wGA and < 3 months of age increased up to 2.7-fold after the guidance change. They also showed that compared with fullterm infants, premature infants had up to seven times higher risk for RSV-associated hospitalizations. Together these studies suggest that the recommendations to narrow the indications for RSV immunoprophylaxis in high-risk preterm infants may have to be reconsidered. Whether the 2014 guidance update has also impacted infants with CLD or CHD needs to be further evaluated.
Immunoprophylaxis with Other RSV Monoclonal Antibodies
Other mAb for the prevention of RSV infection have been evaluated and/or are currently in clinical development. 14 
These include:
• Suptavumab (REGN-2222; Regeneron Pharmaceuticals Inc.) is a fully human monoclonal immunoglobulin G1 (IgG 1 ) antibody that targeted a well-conserved epitope of the preF protein (site V). In vitro, suptavumab was almost 40-fold more potent than palivizumab at inhibiting RSV fusion to respiratory epithelial cells and reducing lung and nasal RSV viral loads. 15 A Phase III randomized, double-blind, placebo-controlled clinical trial conducted Fig. 1 Clinical outcomes in hospitalized infants < 3 months of age born at 29 to 34 weeks of gestational age (wGA) during the season before the 2014 American Academy of Pediatrics (AAP) guidance change (S1) and two seasons after (S2, S3). Proportion of premature infants who received supplemental oxygen, mechanical ventilation, or pediatric intensive care unit (PICU) care during the 2013 to 2014 respiratory season (S1; before the 2014 AAP guidance change, light blue) versus the 2014 to 2015 (S2; fist season post-2014 AAP guidance change; light orange) and 2015 to 2016 (S3; second season post-2014 AAP guidance change; dark orange). Bars in pink represent the aggregate of the two seasons after the 2014 AAP guidance update. Y axis represents percentages and the number of patients is indicated above each column. The total number of premature infants < 3 months of age hospitalized with respiratory syncytial virus lower respiratory tract infections is depicted underneath each season. p values indicate significant differences between S1 and S2/S3 by Kruskal-Wallis test.
in premature infants born at 35 weeks' gestation who were 6 months of age at enrollment, and did not receive palivizumab, did not meet the primary end point (prevention of serious RSV LRTI). During the trial, RSV type B was the predominant circulating strain which developed specific escape mutations that conferred resistance to this mAb, which is no longer being evaluated for clinical use.
• Nirsevimab (MEDI-8897; AstraZeneca/Medimmune/ Sanofi-Pasteur) is a G1 kappa (IgG1κ) that targets a unique antigen site (site Ø) present exclusively on the preF conformation of the RSV F protein. It was derived from the human mAb D25 that showed in vitro to be 100-fold more potent than palivizumab. 16 In addition, using YTE technology MEDI-8897's half-life was extended to at least 150 days. A Phase IIb clinical trial in healthy 29 to 34 wGA preterm infants was completed and met the primary end point: a reduction in the incidence of medically attended LRTI due to RSV. This product is now undergoing Phase II/ III clinical trials in palivizumab-eligible patients, and Phase III trials in late preterm and full-term infants. The long-term goal of MEDI-8897 is to provide passive immunization for the prevention of RSV LRTI to all infants (preterm and full term) entering their first RSV season, using a fixed, single intramuscular dose. • MK-1654 (Merck& Co. Inc.) is an extended half-life human mAb directed against antigenic site IV, preserved in the preF and postF conformations of RSV F. MK-1654 is in early development for the prevention of RSV disease in both term and preterm infants.
Conclusion
Results from several randomized clinical trials, as well as from retrospective and prospective observational studies, add to the body of literature showing that premature infants of younger gestational and chronological age remain at high risk of severe RSV LRTI. Despite the consistent evidence of its clinical efficacy, one of the greatest barriers to a consensus regarding palivizumab prophylaxis is its high cost. The protection afforded by immunoprophylaxis has fueled interest in vaccinating pregnant women, with the goal of protecting the young infant through passive transfer of maternal antibodies. In fact, several RSV maternal vaccines trials are currently in clinical development. Regardless, passive immunoprophylaxis will still be needed and will complement the maternal vaccination strategy, especially in premature infants, as the majority of IgG transfer occurs in the last trimester of gestation. The development of newer cost-effective and long-acting mAb represents a promising advance for the prevention of RSV by providing enhanced efficacy while potentially improving patient adherence since fewer doses will be required. Ultimately, it will also reduce costs. These novel mAb may represent an opportunity for potential application to other patient populations such as otherwise healthy fullterm infants who represent the largest group hospitalized with RSV infection.
